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Computational seismologya b s t r a c t
We build a numerical earthquake model, including numerical source and wave propagation models, to
understand the rupture process and the ground motion time history of the 2013 ML 6.4 Ruisui earthquake
in Taiwan. This moderately large event was located in the Longitudinal Valley, a suture zone of the Phil-
ippine Sea Plate and the Eurasia Plate. A joint source inversion analysis by using teleseismic body wave,
GPS coseismic displacement and near ﬁeld ground motion data was performed ﬁrst. The inversion results
derived from a western dipping fault plane indicate that the slip occurred in depths between 10 and
20 km. The rupture propagated from south to north and two asperities were resolved. The largest one
was located approximately 15 km north of the epicenter with a maximum slip about 1 m. A 3D seismic
wave propagation simulation based on the spectral-element method was then carried out by using the
inverted source model. A strong rupture directivity effect in the northern area of the Longitudinal Valley
was found, which was due to the northward rupture process. Forward synthetic waveforms could explain
most of the near-ﬁeld ground motion data for frequencies between 0.05 and 0.2 Hz. This numerical earth-
quake model not only helps us conﬁrm the detailed rupture processes on the Central Range Fault but also
gives contribution to regional seismic hazard mitigation for future large earthquakes.
 2014 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
On 31 October 2013, a moderately large earthquake with a local
magnitude of ML 6.4, the Ruisui earthquake, struck eastern Taiwan.
The Ruisui earthquake was the third inland event with a ML > 6 in
Taiwan during 2013. The earthquake report of the Central Weather
Bureau (CWB) indicated an epicenter located at 121.348E/
23.566N with a hypocentral depth of 14.98 km. The mainshock
was located inside the Longitudinal Valley (LV), a suture zone of
the Philippine Sea Plate and the Eurasia Plate (Barrier and
Angelier, 1986; Yu et al., 1997; Yu and Kuo, 2001). Extreme strong
ground shaking with a CWB seismic intensity of 7 (>400 gal) was
recorded in the northern LV. Many areas in eastern Taiwan under-
went a seismic intensity greater than 5 (80–250 gal). The largest
seismic intensity observed in northern Taiwan was 4 (25–80 gal).
People in the Taipei city felt strong ground shaking for approxi-
mately 50 s even though the epicenter was about 200 km away.Fortunately, no one died as a result of this event and only a few
injuries were reported.
The Centroid Moment Tensor (CMT) of the event provided by
the CWB indicated a high-angle thrust faulting mechanism with
some left-lateral movement. Real-time moment tensor monitoring
(RMT, Lee et al., 2013b) also provided a similar focal mechanism.
However, the centroid location was determined to be slightly north
of the CWB epicenter by approximately 15 km (Fig. 1). Two fault
planes derived from the CWB CMT inversion, one dips toward
the east with a northeast to southwest striking fault plane and
the other dips toward the west with a strike close to the north–
south direction (Fig. 1). Several felt aftershocks occurred within
5 days following the mainshock. In total, a sequence of 819 after-
shocks with local magnitudes ranging from 0.55 to 5.08 was
detected by the CWB. The largest aftershock (ML 5.08) occurred
approximately 3 h following the mainshock. Most of the after-
shocks and the mainshock were located between 5 and 18 km in
depth. The epicenters of the aftershocks were concentrated within
the northern portion of the fault plane and formed an alignment
trending in the NNE–SSW direction (Fig. 1). The aftershock pattern
ﬁts well with the strike of the LV in the NNE–SSW direction.
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quakes, referred to as the Longitudinal Valley Earthquake Sequence
(Fig. 1), with local magnitudes (ML) larger than 7.0 occurred along
the LV from north to south (Cheng et al., 1996; Lee et al., 2008a).
The earthquake sequence led to the deaths of 85 people and more
than 40% of the buildings in Hualien City either collapsed or dam-
aged (Hsu, 1962; Cheng et al., 1996; Shyu et al., 2007). In December
2003, another large event, the Cheng Kung earthquake (ML 6.8),
occurred within the southern area of the LV caused by an eastern
dipping seismic structure (Ching et al., 2007). Undoubtedly, the
LV is one of the most active areas of high seismicity in Taiwan. It
is noted that no large earthquakes (ML > 6.0) have occurred within
the central to northern portions of the LV since 1995.
In this study, we investigated both the source rupture process
and the strong ground motion time history of the Ruisui earth-
quake. First, a joint source inversion using teleseismic, near-ﬁeld
strong motion, and GPS coseismic data was performed and the
results are discussed in Section 2. Then, using the inversion result
as the input source model, a 3D wave propagation simulation
based on the spectral-element method was carried out for the
whole Taiwan region, which is discussed in Section 3. Note thatFig. 1. The location map of the Ruisui earthquake. The red star indicates the epicenter of
is shown with a yellow star. Pink open circles indicate the ﬁrst ﬁve days of relocated af
rectangle indicates the surface projection of the fault model, with its shallowest portion
plane solution, with a strike of N209W and a dip westward of 59. (For interpretation of
of this article.)the same 3D structure model was considered for both the source
inversion and the forward seismic wave modeling to ensure the
path effects are identical. Finally, we built a numerical earthquake
model for the Ruisui earthquake, including the source rupture
model and 3D seismic wave propagation model. We compared its
synthetic waveforms with observed seismograms to test reliability.
The details of our results as well as the tectonic implications for
northern LV are discussed in Section 4.2. The numerical source rupture model
2.1. Data
We analyzed the rupture process of the Ruisui earthquake
based on a joint source inversion. Three data sets were used in
the inversion, including teleseismic body waves, near ﬁeld GPS
coseismic displacements, and near ﬁeld ground motion records
(Fig. 2). Data from twenty teleseismic stations were employed.
The stations with epicentral distance between 30 and 90 were
chosen to avoid the complex earth structure. The data werethe Ruisui earthquake provided by the CWB. The centroid location of the RMT report
tershocks. Active faults in eastern Taiwan are shown with red lines. The open blue
indicated with a black dashed line. The fault plane is obtained from the CWB fault
the references to color in this ﬁgure legend, the reader is referred to the web version
Fig. 2. Comparison between observation and synthetic for the three data sets. (a) Teleseismic body waves. All of the waveforms correspond to the vertical component of the
records (P wave) in velocity. Maximum ground velocity is provided at the beginning of each observed waveform. (b) Near-ﬁeld, real-time, strong motion (CWB RTD) data. The
black and red lines indicate observations and synthetic waveforms, respectively. (c) Coseismic GPS displacements. The red star and the green rectangle indicate the epicenter
and the fault plane of the Ruisui earthquake. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 3. The spatial slip distribution on the fault plane. The epicenter is indicated by
an open star. Vectors provide the fault slip on each subfault. White circles indicate
aftershocks with magnitudes between 0.5 and 5.7. Asperity I and II are shown with
open red rectangles. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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mology). Signals were deconvolved from the instrument response,
re-sampled to 10 points per second, and band-pass ﬁltered (0.01–
0.5 Hz). A time window of 30 s following P arrival plus 10 s prior to
P arrival was used. GPS coseismic displacements were compiled by
TEC GPS Lab (http://gps.earth.sinica.edu.tw). In total, 48 sites of
three-component GPS coseismic displacements were obtained.
Near ﬁeld seismic records were obtained from CWB Real-Time
strong motion Data (RTD). The data set provides good azimuthal
coverage surrounding the source area. We used velocity seismic
records in the inversion. All of the strong motion records were
band-pass ﬁltered between 0.05 Hz and 0.2 Hz and then integrated
from acceleration to velocity. A waveform time-window of 40 s
was employed that began from the event’s original time, with a
sampling rate of 0.1 s.
2.2. Inversion method and settings
The ﬁnite fault source inversion problem is generally formulated
in a linear form,Ax = b,whereA is thematrix of Green’s functions, b
is the observed data vector, and x is the solution vector of the slip
(Hartzell and Heaton, 1983). We used a misﬁt function, deﬁned as
(Ax  b)2/b2, to evaluate the quality of a solution. A multiple-time
window technique that improves slip spatial and temporal resolu-
tion was applied to the inversion. The parallel Non-Negative Least-
Squares (NNLS) inversion technique (Lee et al., 2006b) was used to
improve the performance issue in large matrix inversion problem.
In matrix A, teleseismic Green’s functions were calculated using
the approach developed by Kikuchi and Kanamori (1982), where
the near source structure is given the 1D Taiwan average crust
model (Chen and Shin, 1998) and the receiver side structure uses
a global 1D IASP91 model (Kennett and Engdahl, 1991). For the
geodetic Green’s functions, we employed the analytic expressions
of Okada (1985) to calculate the surface deformation that results
from a uniform slip over each subfault. 3D synthetic Green’s func-
tions based upon spectral-element method (SEM, Komatitsch et al.,
1999, 2004) were considered for the near-ﬁeld ground motion
data. The surface topography and the 3-D wave-speed heterogene-
ity were incorporated into the SEM mesh model. Surface topogra-
phy was based on the Digital Elevation Model (DEM) data in a
resolution of 40 m for Taiwan region, which is generated using
paired aerial photographs taken nearly two decades ago by the
Agricultural and Forestry Aerial Survey Institute in Taiwan. The
used large scale regional velocity model derived by Huang et al.
(2014) is a travel-time tomographic model with velocity con-
straints for shallow sedimentary and basin. Details regarding the
building of the SEM mesh model for Taiwan were discussed in
Lee et al. (2008b, 2009, 2013a). Considering the resolution limit
of the 3D velocity model (Huang et al., 2014), synthetic Green’s
functions were ﬁltered between 0.05 and 0.2 Hz which is the same
frequency range as for the observed data.
According to the focal mechanism and the aftershock distribu-
tion reported by the CWB, we considered a NNE–SSW strike, wes-
tern dipping fault plane (strike 209, dip 59). The fault plane was
divided into 16  11 subfaults of 3  3 km2 for a total fault dimen-
sion of 48 km in length and 33 km in width (Fig. 1). The slip on
each subfault was divided into rake 6 and 96 in the inversion.
Thus, the variation of the rake angle on each subfault could be
determined using a combination of these two slip components.
In the inversion, a maximum rupture velocity of 3.0 km/s was
assumed. We employed 30 time windows of 0.8 s in length. Each
window overlapped for 0.4 s, leading to the possibility of each sub-
fault slipping within 12.4 s. A normalized weight was speciﬁed for
each data set to ensure that the three data sets contributed equally
to the inversion (Lee et al., 2011). Finally, several stability
constraints were imposed, including damping at the edge of theparameterized fault (with the exception of the updip side) and
smoothing on the slip between adjacent subfaults to avoid unreal-
istic slip distributions. In order to examine the effects due to the
uncertainties in different data sets, a synthetic test is performed
by introducing perturbations to the weighting of each individual
data set (see Appendix A). A checkerboard test is also performed
to calibrate the spatial resolution of the inversion (Appendix B).
2.3. Inversion results
We ﬁrst evaluated the inversion results of data ﬁtting. The
inverted teleseismic synthetic waveform and the observed data
are shown in Fig. 2a. Peak amplitudes and later phases ﬁt sufﬁ-
ciently well, especially for the stations on the eastern side. The sta-
tions located within the western portion displayed a greater
discrepancy in peak amplitude. However, their main characteris-
tics were well recovered. The teleseismic waveform misﬁt in the
joint inversion was 0.224. Near-ﬁeld synthetic waveforms versus
observed velocity seismograms are shown in Fig. 2b. Most of the
phases could be explained not only for stations near the source
area (such as EGC, EHY, and TWF1), but also for distant stations.
The near-ﬁeld ground motion waveform misﬁt was 0.226. Syn-
thetic and observed GPS coseismic displacements are shown in
Fig. 2c. Both the vertical and the horizontal components indicated
large coseismic displacements in the northern area away from the
epicenter. The synthetic displacements were comparable with
those observations. However, the ﬁt was poor for GPS sites located
farther. The poor ﬁtting is possibly due to data uncertainty, espe-
cially in vertical component. In addition, GPS data is sensitive to
the fault geometry (Lee et al., 2006a). Therefore, the single segment
fault model used in this study may not be sufﬁciently precise. The
GPS data misﬁt was 0.253. From joint inversion of the three data
sets, the total misﬁt was 0.228.
2.4. Slip distribution
The rupture area was distributed on a fault plane with the
dimension of approximately 35  20 km2 (Fig. 3). Complex slip
patches with two major asperities were observed. The largest
(Asperity I) was located on the left side of the hypocenter and
had a size of approximately 15  15 km2 dominated by left-lateral
thrust movement. The maximum slip on this asperity was large
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portion away from the hypocenter. The slip was smaller
(30 cm) but its depth (about 5–15 km) was closer to the ground
surface. The slip in this area showed a more left-lateral strike slip
component. Most of the aftershocks occurred around the upper
portion of Asperity I, while few aftershocks were located within
Asperity II and the hypocenter. The average slip on the fault plane
was approximately 50.8 cm and the maximum slip was over 1 m
(102.1 cm) as observed from Asperity I. Assuming a circular fault
model, the estimated stress drop, Dr, was 3.9 MPa. From a map
view of the fault projected to the ground’s surface (Fig. 4), one
can observe Asperity I developed in north of the epicenter and
Asperity II located in the southern portion of the fault. Both the slip
and aftershock distributions showed a NNE–SSW trend in the same
orientation of the LV.
2.5. Rupture process
Snapshots of the rupture process are shown in Fig. 5. Slip within
the ﬁrst two seconds was very small. At approximately the third
second, small amount of slip (15 cm) was observed surrounding
the hypocenter. The rupture then began to propagate mainlyFig. 4. Map view of the slip distribution. The CWB epicenter is indicated with a red star
fault slip on each subfault. White circles indicate aftershocks with magnitudes between 1
Lower right diagram is the moment rate function. The photo in the lower left shows sma
after the Ruisui earthquake. (For interpretation of the references to color in this ﬁgure ltoward the north. At 5 s, a large slip started to grow up in the
northern fault plane. This rupture behavior continued for approxi-
mately 5 s (5–10 s) until it formed the ﬁrst as well as the largest
asperity (Asperity I). After 11 s, the right upper portion of the fault
began to have a more obvious slip until the 18th second when the
shallow asperity (Asperity II) was formed on the fault plane. Prior
to the end of the rupture, a small slip patch rupture between 18
and 20 s could be observed at the lower-left of Asperity I.
A reference rupture front with a constant rupture velocity
(Vr = 2.8 km/s) is shown in Fig. 5. Most of the slips occurring in
the northern fault plane developed after the reference rupture
front passed, indicating that the rupture velocity at Asperity I
was slower than 2.8 km/s. At the southern shallow fault plane, rup-
ture occurred approximately 5 s after the reference rupture front,
which implies that the Vr is about 1.5 km/s at Asperity II. The
results indicate that development of the Ruisui event was rela-
tively slow, slower than the average rupture velocity of an intra-
plate earthquake (Vr 2.8 km/s).
Themoment rate function of the Ruisui earthquakewas complex
(see Fig. 4), having at least two peaks during rupture. The contribu-
tion of seismic moment during the ﬁrst two seconds was very small
andwas not clearly revealed by the low frequency signal used in ourand the RMT centroid location is shown as a yellow star. Black vectors indicate the
.2 and 5.7. Beach balls are the focal mechanisms determined by the CWB and RMT.
ll surface cracks in the front yard of Sanmin Elementary School which was observed
egend, the reader is referred to the web version of this article.)
Fig. 5. Snapshots of cumulative slip. Each snapshot spans one second for the ﬁrst 16 s and two seconds for those after 16 s. The dotted open circle indicates a reference
rupture front (Vr = 2.8 km/s). The star indicates the hypocenter as reported by the CWB. Vectors indicate the slip direction and the amount of cumulative slip on each subfault.
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between 3 and 10 swhichwas related to the development of Asper-
ity I. And the second peak between 10 and 18 s were mainly due to
the development of Asperity II. The overall duration time of the rup-
ture was approximately 18 s. Total seismic moment release was
0.927  1026 dyne-cm, equivalent to an earthquake ofMw 6.57.3. The numerical wave propagation model
We adopted the source model derived from the joint inversion
to perform a forward 3D ground motion simulation based on the
spectral-element method (SEM). In the past studies, the source
inversion and forward wave propagation are usually carried out
individually and used different velocity structure models. Here,
to ensure path effects are identical in the invert and forward pro-
cesses, we used the same SEM mesh and velocity model in forward
ground motion simulation studies. The forward 3D waveﬁeld and
synthetic waveform were simulated up to 1 Hz. Although the max-
imum frequency of waveforms used in the source inversion is
0.5 Hz, we can still have higher frequency (1 Hz) information that
results from the path effects in forward simulations, such as the
high frequency scatterings due to surface topography.3.1. ShakeMovie
Snapshots of the simulation for the vertical component of the
velocity waveﬁeld are displayed in Fig. 6 (an animation is providedin movie S1). The characteristics of source rupture process caused
the wave propagation to become complex. Within the ﬁrst 20 s, a
large number of seismic waves were excited from the source area
due to the development of rupture on the fault plane. During this
time period, ground motion was dominated by the source effects.
Near the source area, strong ground shaking could be observed that
lasted for more than 20 s. After approximately 20 s, the slower but
stronger S wave propagated out from the source region. When
these waves propagate though mountainous areas, especially the
Central Mountain Range (CMR), scattered seismic energies pro-
duced by steep surface topography can be observed. This topogra-
phy effect has been discussed by Lee et al. (2009). Once the wave
propagated across the CMR, signiﬁcant ampliﬁcation was observed
in the Western Plain at approximately 40 s. Almost at the same
time, waves propagated into the Ilan Plain (at about 35 s) and into
the Taipei Basin (at about 45 s) in northern Taiwan. The wavefronts
were ampliﬁed and dramatically slowed down due to low wave-
speed sedimentary and basin structures. Both the Taipei Bain and
the Ilan Plain displayed relatively strong ground shaking at approx-
imately 45 s and lasted for more than 30 s.
3.2. ShakeMap
A comparison between the observed peak ground acceleration
(PGA) and the simulated ShakeMap is shown in Fig. 6. PGA obser-
vations were compiled from CWB RTD records. Observations were
low pass ﬁltered using a corner of 1 Hz to compare results with the
simulated ShakeMap determined by a frequency61 Hz. The results
Fig. 6. Results of numerical wave propagation model. The ShakeMovie of surface ground motion snapshots are presented in the upper parts. The vertical component of the
velocity waveﬁeld, low-pass ﬁltered with a corner frequency of 1 Hz, is shown. A complete animation of ShakeMovie is provided in movie S1. The ShakeMap determined from
the forward simulation result is presented in the lower part. Circles show the PGA observations taken from CWB RTD stations. PGA observations were low pass ﬁltered with a
corner of 1 Hz in order to compare with the simulated ShakeMap. The main geological settings, including the Western Plain (WP), the Central Mountain Range (CMR), the
Longitudinal Valley (LV), and the Coastal Range (CR) are indicated in the ShakeMap.
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were basically reproduced from the simulation. Large PGAs were
observed near the epicenter and extended to the north along the
LV (Fig. 6). The northward extension was caused by the largest
asperity located in the northern fault plane. Due to the ampliﬁca-tion of sedimentary deposits, records in the Ilan and the Western
Plains also displayed large PGAs. However, stations in Taipei
revealed relatively small PGAs for this event. This phenomenon is
evident in the observations and was reproduced by the synthetic
ShakeMap. From numerical simulation results, the ampliﬁcation
Fig. 7. (a) Comparison between observed ground motion records (CWB RTD) and forward synthetic waveforms for the horizontal (east) and the vertical components. Black,
pink and red lines indicate the observations, the synthetic velocity waveforms of stations used in the inversion and the synthetic velocity waveforms of stations not been used
in the inversion, respectively. All of the waveforms were band-pass ﬁltered between 0.05 and 0.2 Hz. The maximum observed ground velocity is shown at the beginning of
each waveform. (b) The contribution of Asperity I and II in the near-ﬁeld ground motion waveform (EHY), and the teleseismic waveform (CTAO). All of the waveforms are
vertical component in velocity, band-pass ﬁltered between 0.05 and 0.2 Hz for near-ﬁeld data and 0.01–0.5 Hz for teleseismic data. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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at the top of the mountain and along the ridge. However, due to a
lack of observations for mountainous areas, this property could
only be found in the simulation results. Notice that both observed
and synthetic PGAs indicated large values in portions of Linkou and
Taoyuan. Since these areas do not have thick sedimentary deposits
or steep topographies, larger PGAs could be due to source radiation
or waves focused from deep structures.
4. Discussion
4.1. Forward synthetic waveforms
A comparison between synthetic and observed waveforms can
be used to examine the reliability of the numerical earthquake
model. In Fig. 7a, we compare RTD velocity data with the forwardsynthetic seismograms determined from the ﬁnite-fault source
rupture model. All of these waveforms were band-pass ﬁltered
between 0.05 and 0.2 Hz for velocity in the horizontal and vertical
components. For synthetics determined from the ﬁnite-fault
model, not only stations used in the inversion can have a precise
ﬁt but also stations not been used in the inversion can have a good
ﬁt to observations. Some waveform adjustments were found for
the stations located in the Western Plain, especially the peak
amplitude of the horizontal component. The result could be due
to shallow sedimentary structures are not precise enough in the
tomography model. But the timing and waveform characteristics
of synthetics were comparable to the observations. Such a good
ﬁt in waveform indicates that both the details of the source rupture
model and the 3D velocity model are precise enough to reproduce
the characteristics of strong ground motion for simulations accu-
rate up to 0.2 Hz.
Fig. 8. Conceptual tectonic model for the northern LV infers from the 2013 Ruisui earthquake. (a) Perspective view of the 3D fault plane and its relationship to the aftershock
distribution. (b) A 2D proﬁle along A–A0 . Aftershocks at different depths are shown using a rainbow color scale. The surface topography (on a different scale) and the main
geological settings across the proﬁle, including the Central Mountain Range (CMR), the Longitudinal Valley (LV), and the Coastal Range (CR) are indicated in the ﬁgure. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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An important characteristic in the inverted source model is that
the rupture initialized from the hypocenter and propagated north-
ward to form the largest asperity in the northern part of the fault
plane. Such rupture behavior could produce apparent rupture
directivity effect that ampliﬁed ground shaking along the rupture
direction. From both the synthetic ShakeMap and the observed
PGA distribution, we found that a large PGA extended to northern
areas from the epicenter and covered the northern LV, Hualien City,
the northeast coast, and the Ilan Plain. In the ShakeMovie, ampli-
ﬁed seismic waves propagated toward these areas and prolonged
for 20–50 s. Fortunately, because the orientation of the fault plane
was located in the NNE–SSW direction (strike 209), most of the
seismic energy was ampliﬁed along the northeast coastal areas
and propagated into the northeast offshore of Taiwan. The inﬂu-
ence of rupture directivity in northern Taiwan, especially in the
Taipei metropolitan area, was not that serious. Additionally, south-
ern Taiwan also suffered less strong ground shaking because it was
located on the opposite side of the rupture direction.4.3. Shallow asperity
The joint inversion result indicated two asperities on the fault
plane, one located in the north of epicenter (Asperity I) and the
other located in the southern fault plane with a shallower depth
(Asperity II). Additional left-lateral, strike-slip components were
observed on Asperity II. The slip in this asperity displayed an
approximate 5 s delay after the reference rupture front passed
which implies that the rupture speed was relatively slow
(1.5 km/s). Most of the aftershocks occurred surrounding the
upper portion of Asperity I, while almost no aftershocks were
located inside Asperity II. All of these results indicate that the char-
acteristics of Asperity II are very different from Asperity I. To eval-
uate the existence of Asperity II, we analyzed its contribution to
both local and teleseismic waveforms (Fig. 7b). For local ground
motion data, because the slip on Asperity II was relatively small
as compared to Asperity I, we considered the record at station
EHY located just above Asperity II. Results indicate that Asperity
II has a great inﬂuence on local waveforms. A large phase between12 and 22 s was explained well by the model containing Asperity I
and Asperity II, but was not explained using only Asperity I. For the
teleseismic data, Asperity II also provided an important contribu-
tion for a large later phase (at approximately 20 s), as observed
in most southeastern stations including CTAO, PMG, MSVF, MBWA,
and NWAO.
Noteworthy is that the rupture of Asperity II appeared to prop-
agate to a very shallow depth. After the Ruisui earthquake, we
found small surface cracks in the front yard of Sanmin Elementary
School (Fig. 4). This location is coincident with the area where the
rupture of Asperity II extended to the surface. Therefore, we sug-
gest that Asperity II is necessary. Due to 5 s delay of rupture, the
complete contribution of this asperity is hard to determine from
the point source CMT inversion. Asperity II could be treated as an
individual or triggered event during the rupture process of the Rui-
sui earthquake. The contribution of Asperity II in the seismic
moment was approximately 36% (3.34  1025 dyne-cm) of the total
moment release (9.27  1025 dyne-cm), equal to an Mw 6.3 sub-
event. This could be the reason that the ﬁnite-fault source inver-
sion result yielded a larger magnitude (Mw 6.57) as compared to
the RMT CMT report (Mw 6.2).4.4. Tectonic implications
The joint source inversion result derived from a NNE–SSW
strike, western dipping fault plane can well explain the observa-
tions of Ruisui earthquake. This fault geometry was different from
the recently determined LVF that dips toward the east. Several
studies (Shyu et al., 2005) have proposed that there is another fault
system within the LV, the Central Range Fault (CRF), that dips
toward the west. The CRF was largely identiﬁed from geomorphol-
ogy features without outcrops (Shyu et al., 2006). Prior to the Rui-
sui earthquake, the structure did not appear within the active fault
map published by the Central Geological Survey (CGS) of Taiwan
(Fig. 8a). Most of the slip and aftershocks occurred below 5 km
and extended to approximately 20 km in depth (Fig. 3). Only a very
small amount of slip was determined within the shallow southern
portion of the fault. Based on ﬁeld investigations, Shyu et al. (2006)
pointed out that the geometry of the CRF near Sanmin Elementary
School, where we propose the rupture of Asperity II extended to
Fig. A1. Data weighting test. The weighting of each individual data set is varied from 10% to 200% relatively to the original equal weight, while the weights of the other two
data sets remain the same. From left to right columns are teleseismic, strong motion and GPS, respectively. The varied data weightings from the original equal weight are
presented at left. The white numbers in each panel show the misﬁts of individual data sets (teleseismic/strong motion/GPS). Open red rectangles are Asperity I and Asperity II
as discussed in Section 2.3. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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fault segments within this area. The irregular geometry of the fault
is consistent with the fact that the rupture process of Asperity II
developed quite late, after approximately 13–18 s (Fig. 5). All of
the results indicate that the fault plane of the Ruisui earthquake
within the shallow portion is complex.
Fig. 8b provides a diagram of the CRF and LVF across an A–A0
proﬁle. The CRF is indicated by a red line and the LVF is presented
using a black line. Since most of the slip occurred below 5 km and
there were no outcrops found related to the CRF, the top of the CRF
could be below the ground surface at a depth of approximately
5 km. Shallower than 5 km, the exact fault plane of the CRF is
unclear and could crossover with the LVF. We deduce that the shal-
low portion (<5 km) of the CRF is fractured. It do not accumulateenough tectonic stress to rupture during the Ruisui earthquake,
or the tectonic stress had been released through creeping in the
LV (Yu et al., 1997; Yu and Kuo, 2001; Lee et al., 2005), except
the southern shallow slip that may correlate to the local structural
complexity (Shyu et al., 2006).
5. Conclusion
In this study, we built a numerical earthquake model, including
source rupture model and wave propagation model, to investigate
the physical processes and tectonic implications of the Ruisui
earthquake. Results of the comparison between synthetic and
observed waveforms indicate that precise source, velocity struc-
ture and wave propagation models are crucial which play impor-
Fig. B1. Spatial resolution test. (a) Input checkerboard slip pattern, the rupture velocity (Vr) is set to 2.0 km/s; (b) joint inversion, maximum Vr = 3.0 km/s, 30 time windows;
(c) joint inversion, Vr = 2.0 km/s, 1 time window; (d) teleseismic only, Vr = 2.0 km/s, 1 time window; (e) strong motion only, Vr = 2.0 km/s, 1 time window; (f) GPS only. A slip
recovery rate is used to judge the goodness of the result which is deﬁned as: [1  (R|Slip of input–Slip of inverted|/R|Slip of input|)]  100%. If the slip recovery rate is 100%, it
means the slip is totally recovered.
384 S.-J. Lee et al. / Journal of Asian Earth Sciences 96 (2014) 374–385tant roles in ground motion prediction. Thus, systematically inves-
tigating the numeral earthquake models for major events are nec-
essary. The numerical earthquake model of the Ruisui earthquake
could be a good example.
From the aftershock distribution, focal mechanism and numer-
ical earthquake model derived from this study, we conﬁrm that the
western dipping CRF is the structure responsible for the Ruisui
earthquake. This event provides direct evidence for the existence
of the CRF at the northern portion of the LV. The follow-up ques-
tion is whether or not the CRF continuously extended to the middle
or even to the southern portion of the LV. An in-depth analysis
with both geological surveys and seismological studies will be
required to answer this question.Acknowledgements
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Different data sets can involve different types of uncertainties
and thus it could lead to modeling errors in the inversion. In order
to examine the effects due to uncertainties in different data sets, a
synthetic test is performed by introducing perturbations to the
weighting of each individual data set (Fig. A1). The results show
that even extreme changes of data weighting are made (10–200%
perturbations), the derived slip patterns appear to be similar to
the original result. The two asperities are still clearly identiﬁed
S.-J. Lee et al. / Journal of Asian Earth Sciences 96 (2014) 374–385 385on the fault plane. The main reason is that the uncertainties of dif-
ferent data sets are incoherent, so that the error cannot effectively
perturb the main slip pattern in the result of the joint inversion
which is constrained by the coherent part of the data.
Appendix B. Spatial resolution test
To examine the spatial resolution of the inversion result, a
checkerboard test is perform. The same teleseismic, strong motion
and GPS stations used for the source inversion are considered in
this test. The Fig. B1a shows the original input model and the
Fig. B1b–f are the inversion results which adopt different inversion
settings: (a) Input checkerboard slip pattern, the rupture velocity
(Vr) is set to 2.0 km/s; (b) Joint inversion, maximum Vr = 3.0 km/
s, 30 time windows; (c) Joint inversion, Vr = 2.0 km/s, 1 time win-
dow; (d) Teleseismic only, Vr = 2.0 km/s, 1 time window; (e) Strong
motion only, Vr = 2.0 km/s, 1 time window; (f) GPS only. A slip
recovery rate is used to judge the goodness of the result which is
deﬁned as: [1  (R|Slip of input–Slip of inverted|/R|Slip of
input|)]  100%. If the slip recovery rate is 100%, it means the slip
is totally recovered.
The results demonstrate the ability to resolve the spatial slip
pattern on the fault plane by using multiple-time window in joint
source inversion (Fig. B1b and c). However, the resolution becomes
poor in separate inversions which include only one data set at a
time (Fig. B1d–f). It is also clear that the slip at the deeper part
(below 15 km depth) of the fault plane is poorly resolved using
GPS data alone.
Note that the frequency band of the local strong motion records
used in this study is lower than 0.2 Hz which corresponds to short-
est wavelengths of 30 km for P wave and 20 km for S wave.
However, the test demonstrates that using the strong motion data
alone (Fig. B1e) is still able to reveal the checkerboard slip pattern
which has a characteristic length of about 10 km. Since full wave-
form is considered in the inversion, phases that carry abundant
information of frequency content, travel-time, and radiation pat-
tern can give sufﬁcient constraints to the spatial–temporal slip
distribution.
Appendix C. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jseaes.2014.
09.020.
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